The instability of recombinant clones accommodating large or full-length viral genomes is frequently a technical challenge in RNA virus research. In an attempt to establish a rapid plasmid-based reverse genetics system that utilizes our long RT-PCR technique (LRP), similar difficulty was encountered in the cloning of 9022-bp LRP amplicon. All HCV genotype 1a strains used for the LRP cloning showed a remarkable difference in terms of cloning stability.
Introduction
Hepatitis C virus (HCV) is a medically important RNA viruses and responsible for most post-transfusional and community-acquired hepatitis (Alter et al., 1999) . HCV is an enveloped single-stranded, positive-sense RNA virus classified into the Flaviviridae family (Choo et al., 1989) . The viral genome comprises an approximate 9600 bp RNA molecule which is divided into three regions: 5' untranslated region (UTR), a single large open reading frame and a 3'UTR. In spite of tremendous investigation in the past three decades, molecular events under HCV infection are not completely understood. In this setting, a major obstacle for HCV research is the lack of reliable in vitro models supporting the full life cycle of HCV (Tellinghuisen et al., 2011) . Only one Page 4 enhance the cloning stability. We also provided a general guideline for the selection of viral strains in the setting of rapid reverse genetics.
Materials and Methods

Serum samples
A total of five serum samples were used in the current study. Samples #1106, #1701, #1709 and #4701, all HCV genotype 1a, were chosen from a previous study based on the intra-patient viral diversity and the sample volumes available for experimental optimization (Fan et al., 2009 ).
The serum sample H77, representing the prototype of HCV genotype 1a, was a gift from Dr. Robert Purcell (National Institutes of Health, U.S.A.). All samples were aliquoted and stored at -80 0 C until use.
LRP and basic cloning protocol
The amplification of nearly full-length HCV genome from serum samples utilized the experimental protocol as detailed previously (Fan et al., 2006) . In brief, an aliquot of 9.4 l of plates containing 30 g/mL kanamycin. The plate was incubated at 37 0 C overnight and thirty recombinant clones were randomly picked for the screening of the insert by colony PCR or enzyme Page 6 digestion (Fan et al., 2006) . It should be noted that all parameters related to the basic cloning protocol were fixed to facilitate the comparison of various modifications in cloning protocols.
Modifications of cloning procedure
The following sections described every modification that may enhance cloning stability. In practice, these methods were tested individually or in combination. Thus nearly 100 experimental protocols were estimated in the current study.
Physical or chemical modification during the culture
Two temperatures, 24 0 C (room temperature) and 30 0 C were applied in two steps during the cloning, the 1-hr recovery shaking after the electroporation and overnight LB plate incubation. In addition, the electroporation product was casted on LB plates containing various concentrations of 
Switch of insert direction
It is commonly hypothesized that cloning instability results from the cryptic transcription of toxic domains from the insert. One approach to reduce such undesirable transcription is to switch the cloning direction of the insert. In the current study, this was achieved by simply exchanging the Page 7 restriction sites from the primers WF5 and WR55, which were used for the second round of LRP amplification.
LRP purification by gelase
To compare the quality of the templates used for the ligation and subsequent cloning, the LRP product was purified using an alternative method. In brief, the LRP amplicon was gel purified by using gelase (Epicentre, Madison, WI) according to the manufacturer's instruction. This purification procedure was used to replace the two purification steps before (QIAquick PCR Purification) and after (QIAEX II Gel Extraction) the restriction digestion of LRP amplicon.
Creation of minimal pClone vectors
To eliminate possible toxic transcription from the vector, two minimal pClone vectors were created. These vectors only retain essential elements for plasmid propagation, i.e., the origin of replication (OR), an antibiotic gene and a multiple cloning site (MCS). In doing so, the OR domain was digested with PacI/BspHI (New England Biolabs) from the pClone vector (3030 bp), a pBR322-derived vector (Fan et al., 2006) . The kanamycin gene was amplified from the pClone with primers KF1 (5'-ata gct ggg ttc atg ata gtt tgc gca acg ttg ttg -3') and KR (5'-gga tct gac gtt aat taa gcc gat ttc ggc cta ttg gt -3'), containing restriction sites BspHI and PacI, respectively. After the digestion and gel purification, the PCR product was ligated with the OR fragment, followed by transformation into Library Efficiency DH5α Competent Cells (Life Technologies). Correct clones were confirmed by fully sequencing. The plasmid was named pCloneK, 2222 bp in length.
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Similarly, pCloneA (1946 bp) was created by the replacement of kanamycin with the ampicillin gene, which was amplified from the pUC19 vector with primers AF (5'-ata gct ggg ttc atg att caa ata tgt atc cgc aca tg -3') and AR (5'-gga tct gac gtt aat taa tta cca atg ctt aat cag tga g -3'). Both vectors were then used for LRP cloning as described above. and CopyCutter EPI400 Electrocompetent cells (Epicentre). The pCloneA vector was used for the estimation of the SURE cells due to its intrinsic resistance to kanamycin.
Estimation of other E. coli cells
Engineering transcription terminators into the vectors
To minimize the transcription of potential toxic genes, E. coli transcription terminators rrnB T1, T2 and tHP were engineered into both sides of the MCS of the pCloneK vector (Nohno et al., 1986 (Nohno et al., , 1988 Orosz et al., 1991; Brown et al., 1993) . In brief, the AsisI/BamHI fragments containing terminator sequences were assembled using multiple round PCR, followed by digestion and gel purification. The fragments were then used to replace the corresponding domain of pCloneK by standard molecular cloning, which generated two modified vectors, pCloneKR (2565 bp) and Page 9
pCloneKT (2419 bp) ( Figure 1 ). The pCloneKR contained E. coli rrnB T1 and T2 on both sides of the MCS while the E. coli rrnB T1 and T2 on the left side of the MCS was replaced with tHP in the pCloneKT ( Figure 1 ). All construction was confirmed by fully sequencing. The restriction sites PacI and XbaI from new vectors were utilized for the cloning of LRP product, which was amplified using primers containing corresponding restriction sites.
The insertion of par element into the vectors
The partition (par) domain of plasmid pSC101 has been reported to stabilize plasmid propagation (Manen et al., 1990 ). This element (371 bp) was thus inserted into plasmids pCloneKR and pCloneKT by utilizing a single restriction site, BspHI, on the vectors. Briefly, the par domain was amplified from the plasmid pSC101 (ATCC, Manassas, VA) with primers parF (5'-ata gct ggg ttc atg aga cag taa gac ggg taa gcc -3') and parR (5'-gga tct gac gtc atg act cgg gca aat cgc tga ata -3'). The PCR product was digested with BspHI and then inserted into the BspHI site of pCloneKB or pCloneKT by standard cloning protocol. Correct recombinant plasmids were confirmed by enzyme digestion/sequencing and named pCloneB_par and pCloneKT_par.
BAC vectors
BAC vectors are well known for their capability to accommodate large inserts (She et al., 2003 ). In the current study, two commercial BAC vectors were tested for the cloning of LRP product. The first BAC vector was CopyControl pCC1BAC (BamH I Cloning-Ready) (Epicentre).
The single BamHI site on the pCC1BAC was used to introduce the MCS domain amplified from the pClone vector with the primers MCSFBamHI (5'-ata gct ggg tgg atc ctt aat taa cga gcg atc gcg Page 10 -3') and MCSRBamHI (5'-gga tct gac ggg atc ccc tgc agg ggc cgg cca gat -3'). The single restriction site PacI was used for LRP cloning due to the existence of both FseI and XbaI sites on the pCC1BAC backbone. The LRP product was therefore amplified with primers containing only PacI sequence at the 5' ends. It should be noted that the ligation product was electroporated into TransforMax EPI300 electrocompetent E. coli cells (Epicentre), which was specially engineered for an auto-induction of plasmid copy numbers (Wild et al., 2002) . The second commercial vector was the pEZ BAC (Lucigen, Middleton, WI). This vector is similar to pCC1BAC except for the existence of transcription terminators on both sides of the cloning site. The ligation product was electroporated into 10G SUPREME electrocompetent Cells, a derivate of DH10B cells.
Ligation independent cloning (LIC)
The LIC creates long sticky ends by the treatment of T4 DNA polymerase in the presence of only a single nucleotide (Aslanidis et al., 1990 ). In the current study, the primers for the second LRP amplification were replaced with WF5T4P (5'-ctc acc tta att aac ata gtg gtc tgc gga acc ggt -3') and WR55T4P (5'-ata cct ccc ttc tac aat ggc agc cct gcc tcc tct gg -3'). An aliquot of 2.28 g (~0.5 pmol) purified LRP product mixed with 5 U of T4 DNA polymerase (New England Biolabs)
in the presence of 2.5 mM dCTP (Invitrogen), incubated at room temperature for 30 minutes followed by heat inactivation for 20 minutes, which generated 18-bp sticky ends on the LRP product. Similarly, pCloneK was fully amplified with primers OriFT4P (5'-tat gtt aat taa ggt gag cgg tgt gaa ata ccg cac ag -3) and OriRT4P (5'-att gta gaa ggg agg tat ccg att tcg gcc tat tgg tt -3').
The resulting PCR product was treated with T4 DNA polymerase in the presence of dGTP, which created 18-bp sticky ends matching to the one from the LRP amplicon. The T4 DNA polymerasePage 11 treated amplicons from both the pCloneK vector and LRP were then annealed by the incubation at room temperature for 1 hour, followed by inactivation with the addition of 1 μl of 25 mM EDTA (pH 8.0). The annealing product was electroporated into ElectroMAX™ DH10B™ T1 Phage-
Resistant electrocompetent E. coli cells (Life Technologies).
The incorporation of 7-Deaza-2'-deoxy-guanosine-5'-triphosphate (7-deaza-dGTP) during
the LRP amplification. gtg tga aat acc gca cag -3') and OriRBspHI (5'-gga tct gac gtc atg acc aaa atc cct taa cgt g -3'),
followed by XbaI/BspHI digestion and purification. Three fragments, K (1200 bp), R (900 bp) and PacI/XbaI digested LRP, were ligated together followed by basic cloning procedure.
The whole plasmid mutagenesis was conducted with GeneMorph II Random Mutagenesis Kit only. The entire pCloneK vector was amplified with primers OriFXbaI and OriRPacI (5'-gga tct gac gtt aat taa gcc gat ttc ggc cta ttg gt -3'), followed by the procedure as described above. In either partial or whole plasmid mutagenesis, it should be noted that 200 recombined clones instead of 30 were screened for the existence of the LRP insert by colony PCR.
454 sequencing
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The LRP product of all five samples (#1701, #1709, #1106, #4701 and #H77) was subjected to pyrosequencing (454 sequencing). Briefly, 5 g of gel-purified LRP product was used for the construction of fragment library with Rapid Library Preparation Kit (Roche Applied Science), followed by pyrosequencing on GS/FLX Titanium. The resulting sequencing reads were assembled to generate all contigs (consensus sequences) by reference mapping to H77 sequence (GenBank accession number: AF009606) in 454 software (Newbler).
Phylogenetic analysis
Phylogenetic analysis was used to explore potential association between cloning stability and sequence clustering. Two phylogenetic trees were constructed with either partial HCV 
Promoter analysis
Putative E. coli promoters (ECP) on HCV genomes were predicted using neural network promoter program (Reese et al., 2001 ). The number of ECP with a score large than 0.9 was counted for all eight HCV LRP consensus sequences, including five sequences in the current study and three from previous studies, i.e., HCV strains Liv23 (DQ838739), Liv02 
GenBank accession numbers
A total of nine LRP sequences, five consensus LRP sequences generated by 454 sequences and four LRP sequences from the whole-plasmid mutagenesis, were deposited in the GenBank under the accession numbers JX472005 through JX472013.
Results
Difference of LRP cloning stability among HCV genotype 1a strains
The LRP was successfully performed with all five HCV genotype 1a samples #1106, #1701, #1709, #4701 and H77. All LRP products were pyrosequenced at considerable depth. A single large contig was generated for each LRP product by the reference mapping. Together with the high read mapping rates, ranging from 96.2% to 98%, indicate the feasibility for the determination of viral consensus by the combination of LRP and 454 sequencing. In subsequent strains with recorded positive rates in our previous studies (Table 1) , phylogenetic analysis showed all difficultly cloned HCV strains were clustered into the clade 1 while highly cloneable strains were placed at either the clade 2 or the clade 3 ( Figure 2 ). The exactly same clustering was observed in the tree constructed with nearly full-length HCV genomes generated by 454 sequencing (data not shown).
Roles of experimental modifications on LRP cloning stability
Two difficult to clone samples, H77 and #4701, were used to test other cloning approaches or modifications. These methods were estimated individually or in combination and thus generated nearly 100 experimental protocols. However, none of them gave significant improvement with regard to the cloning stability ( Table 2 ).
The plasmids pCloneK and pCloneA, constructed by removing unessential domains, showed comparable cloning stability with the pClone vector. However, both plasmids cannot accommodate the LRP insert from samples H77 and #4701.
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A further modification generated the pCloneKR and pCloneKT vectors by engineering transcription terminators onto both sides of the cloning site ( Figure 1) . Again, these plasmids were as efficient as the parent pCloneK vector to accommodate the LRP insert from HCV samples in the clades 2 and 3 but not the clade 1.
Two BAC vectors, pCC1 and pEZ, slightly improved the cloning stability. Only one to three recombinant clones were positive in repeated experiment with either BAC vector ( Table 2 ).
The incorporation of 7-deaza-dGTP did not affect the LRP amplification. However, when the ratio of 7-deaza-dGTP/dGTP was larger than 70%, the LRP product became invisible in ethidium bromide-stained agarose gel. Among other DNA stains, only BlueView gave a visible staining in agarose gel to guide the excision of DNA bands. However, the similar efficiency as ethidium bromide to stain regular LRP product was observed for these stains, including Midori
Green DNA Stain, DAPI nucleic acid stain and SYBR safe DNA stain. The incorporation of 7-deaza-dGTP did not improve the cloning stability for samples H77 and #4701 (Table 2) . Such an incorporation even reduced the positive rates of LRP cloning from samples in the HCV 1a clades 2 or 3 (data not shown), indicating a toxic role of 7-deaza-dGTP in molecular cloning. It should be noted this observation excluded the possibility of the resistance to restriction enzymes by the incorporation of 7-deaza-dGTP (Grime et al., 1991), which was first tested by the digestion of 7-deaza-dGTP-incorporated PCR product containing restriction sites, including PacI, XbaI and AsisI (data not shown).
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Finally, partial mutagenesis of pCloneK by error-prone PCR did not produce any vector mutants capable of accommodating the LRP insert. In contrast, 4 out of 200 screened recombinant clones were positive in the approach of whole plasmid mutagenesis. However, these four vectors were unable to maintain the cloning stability in LRP cloning of sample H77. All LRP inserts from these vectors were sequenced by gene-walking method (Table 3) . Genetic analysis revealed 29 to 51 nucleotide substitutions in comparison with the H77 consensus sequence from the 454 sequencing. These substitutions were randomly distributed along the entire LRP amplicon without consistent clustering in a given domain.
Variation of putative ECP numbers among HCV genotype 1a strains
Putative E. coli promoter (ECP) was counted for each consensus sequence of HCV samples in the current study. The easily cloned samples (#1709 and Liv02) had fewer ECPs, however, high ECP number was not always associated with the cloning difficulty ( Table 1 ). The samples #1701
and Liv03 had comparable ECP numbers with difficultly cloning samples, i.e., H77, #1106 and #4701 ( Table 1) .
The phylogenetic tree with 395 full-length HCV genotype 1a sequences showed a similar topology with the tree based on partial HCV envelope region (Figure 3 ). The ECP numbers were counted for HCV strains in each clade. There was no statistical difference of average ECP numbers between the clade 2 and the clade 3 (data not shown). However, the ECP numbers were significantly higher than that from the clades 2 and 3 in either forward or reverse strand, i.e., ) (Figure 3 ).
Discussion
The instability of recombinant clones accommodating large or full-length viral genomes is a common concern in RNA virus research, in particular in the generation of infectious viral clones.
Potential toxicity of cloned genes is widely accepted as an underlying cause responsible for such instability. In fact, two recent studies have provided solid evidence that the cloning instability Figure 3 ). In addition, there were no consistent patterns with regard to the ECP distribution along with the HCV genome between the clade 1 and the clades 2 and 3 (data not shown). As each ECP on the cloned gene has differential activities and multiple ECPs might interact in synergic manner, the net effect on the cloning stability may be different in cloned genes with similar ECP numbers (Pu et al., 2011) . This may explain why some HCV 1a strains, such as #1701 and Liv03, were easily cloned in spite of their high ECP numbers (Table 1) . Taken together, for HCV 1a strains, the Page 19 phylogenetic position may be a more reliable predictor than the simple count of ECP numbers in terms of cloning stability.
There are many experimental modifications or protocols to enhance cloning stability. One common method is the introduction of intron(s) on viral genomes, which disrupts potential ECP transcription (Yamshchikov et al., 2001 ). However, this approach only works on individual viral strains and is not feasible for large-scale screening of viral genomes in a defined reverse genetics system. In the current study, almost all reported methods or modifications were tested for HCV LRP cloning. None of them gave satisfactory results ( Table 2 ). The role of 7-deaza-dGTP incorporation on cloning stability was the first report in spite of its extensive application in the sequencing and amplification of GC-rich domains (Frey et al., 2008; Broadbent et al., 2010) .
Although the incorporation of 7-deaza-dGTP may ameliorate or eliminate potential ECPs' activity, it seemed to introduce additional toxicity that actually overweighed its possible benefit in stabilizing cloned inserts.
The whole plasmid mutagenesis generated four positive recombinant clones out of 200 screened colonies. However, the use of vectors from these positive clones did not improve cloning stability (Table 2) . Random mutations were found to be scattered on each LRP insert compared with the consensus from 454 sequencing. Thus the stability of these four recombinant clones may be attributable to the altered net effect of multiple ECPs due to the mutations. These mutations may be the adaption during the culture. Alternatively, they may represent authentic mutations from minor variants in a heterogeneous viral population, i.e., the quasispecies (Domingo et al., 2006) . In fact, a high positive rate (~100%) was observed in cloning HCV strain sampled at the clinical Page 20 breakthrough against antiviral therapy, however, the baseline sample from the same patient, i.e., sample Liv23, had only 10% positive rate (Table 1) , confirming the role of mutations in cloning stability (Xu et al., 2008) .
In summary, all HCV 1a strains tested in the present study have shown remarkable difference in terms of cloning stability, which largely depends on their phylogenetic positions. The HCV 1a strains in the clade 1 are very difficultly cloned compared with those from the clades 2 and 3. Putative ECPs on the HCV genome represent an underlying mechanism responsible for such cloning difference. As our exhaustive exploration has not found a general approach that can achieve stable cloning for all HCV 1a strains, the selection of appropriate strains, guided by phylogenetic analysis, should be a feasible step prior to the construction of infectious HCV 1a
clones. In this setting, our observation is not only valuable for establishing HCV 1a cell culture model but also has a general implication to other RNA viruses when concerned about cloning instability. Table 2 . A brief summary of major approaches to explore the cloning stability. The 9022-bp fragments from samples H77 and #4701, representing difficultly cloned HCV strains (Table 1) were used as the model template. Result is shown as the positive recombinant clones (with 9022-bp insert) among thirty randomly picked clones. App., approach; trans., transcription; NP, not performed due to the negative result from partial plasmid mutagenesis. Table 3 . The list of primers for sequencing the LRP insert of sample H77 in four stable recombinant clones resulted from the whole plasmid mutagenesis. Primer numbering is according to the HCV H77 strain (GenBank accession no. AF009606). Primer CloneF is from plasmid pCloneK. Primers were designed using the software program Eugene (version 1.01). Table 3 rrnB T1: ATAAAACGAAAGGCCCAGTCTTTCGACTGAGCCTTTCGTTTTAT rrnB T2: AAAAGGCCATCCGTCAGGATGGCCTTCT tHP: GGTACCCGATAAAAGCGGCTTCCTGACAGGAGGCCGTTTTGTTTTGCAGCCCACCTC Highlights  Instability of recombinant clones harboring large or full-length viral genomes is a common but difficult issue in virological research;
 Eexhaustive experimentation that estimated nearly all available options to enhance the cloning stability.
 The first report to reveal remarkable difference with regard to cloning instability among phylogenetic clades of hepatitis C virus genotype 1a.
